T he use of specific immunotherapy for treatment of patients with cancer has proven to be a challenging area of clinical and basic research. The goal of a cancer vaccine is to induce an immune response using tumor cells or tumor Ags that can protect the host. This protection depends mainly on activated tumor-specific CD8
ϩ CTL (1-3). CTLs kill neoplastic cells through recognition of antigenic peptides presented by MHC class I molecules on the surface of the tumor target (4) . These peptides are derived from tumor Ags that are synthesized by the affected cell and degraded in the cytosol of the tumor target (5) .
In terms of generating an immune response to tumor-associated peptides, investigators have identified several obstacles. Peptide vaccination depends on the loading of empty MHC molecules on APCs in vivo. However, single administration of peptide without a means of targeting activating APCs can potentially lead to loading of MHC class I molecules on nonprofessional APCs, which could result in tolerance (6) . In contrast, administration of dendritic cells (DCs) 3 loaded with these peptides results in appropriate CTL generation (6) . It is clearly established now that DCs pulsed with tumor Ags in vitro and then reinjected in vivo induce protective immune responses that block tumor growth (7) (8) (9) . Although DCs pulsed with tumor peptides appear to be good candidates for a clinical use in humans, ex vivo approaches will suffer because of two problems related to 1) generation of high numbers of DCs in a clinically practicable manner, and 2) multiple rounds of immunization at fairly short intervals that can at times lead to the emergence of noncytolytic CD4 ϩ T cells exhibiting the characteristic phenotype of Th2 cells (10) .
There are many attempts being made to simplify immunization protocols; however, despite efforts to achieve delivery of tumor Ags to DCs, targeting the DC system in vivo has not been successfully achieved. Our laboratory has studied a novel approach for CD8 ϩ peptide delivery in vitro and in vivo into DCs to activate CTL responses. This approach involves the combination of liposomes and a recombinant peptide that can deliver defined CTL peptides into the cytosol. Liposomes are potentially useful as drug carriers to deliver pharmacologically active agents into cells (11) (12) (13) . Moreover, liposomes are known to be effective as immunoadjuvants and vaccine carriers (14 -16) . Numerous reports have presented induction of CTL by liposomal Ags (17) for review; however, the efficacy of the response has typically depended on the Ag and the presence of adjuvants (18) . The pH-sensitive liposomebased approach developed a decade ago (19, 20) has shown detectable cytotoxic T cell response, but the response was dependent on the nature of the Ag. A number of approaches have been made to improve an immunoadjuvant action of liposomes, approaches that included modification of the liposome structure (21, 22) . Small size and positively charged carriers have been shown to be preferentially taken up by phagocytic cells such as DCs/macrophages and to elicit a significant CTL response (23, 24) . The mechanisms by which the liposomally encapsulated protein Ags are directed to the cytosol are believed to result from passive escape of the Ag from the endosomes into the cytoplasm and the access to the class I processing pathway (25) . However, the amount of protein that enters the cytosol by this mechanism is limited. We believe that the Ag presentation would be more efficient if the Ag were directly delivered to the cytosol or if it were actively transported from the endosomes to the cytosolic compartment.
We have previously demonstrated that a peptide sequence, referred to as antennapedia homeodomain (AntpHD), can effectively introduce CTL epitopes into the class I processing pathway and induce CTL in vivo, a result that was dependent on use of SDS as a stabilizing factor (26) . This is a very important property because the intracellular location of the Ag is considered as a major factor in determining the pathway in which the Ag is processed and presented. Further development of this technology has been limited because the recombinant peptide is very sensitive to degradation in serum. In the context of the present study we tested the hypothesis that encapsulation of AntpHD recombinant peptide in liposomes benefits from a mechanism that will allow the peptide to be protected from serum degradation and to be delivered into the cytosol of cells. Our vaccine design uses a recombinant peptide consisting of a CTL epitope, which binds MHC class I molecules (27) , and a peptidic vector, AntpHD, that can deliver peptides into the cytosol of cells (26, 28) . We have chosen for this study the CTL epitope Cw3(170 -179), derived from HLA-Cw3, which is unable to induce a CTL response even in presence of adjuvants (26) . The first aim of this study was to characterize the uptake of AntpHD recombinant peptide, presented as free peptide or encapsulated in neutral liposomes, by immature bone marrow-derived DCs and the subsequent cell activation of a CTL clone specific for Cw3(170 -179). Our results demonstrated that the encapsulation of AntpHD recombinant peptide into liposomes allows delivery of the recombinant peptide into the endoplasmic reticulum via the classical MHC class I pathway, a processing pathway similar to that observed with the soluble AntpHD recombinant peptide. However, in contrast with free soluble AntpHD recombinant peptide, which is directly delivered to the cytosol, AntpHD recombinant peptide encapsulated into liposomes is initially delivered with the liposomal lipids in the endosomes of cells, and subsequently the peptide enters the cytosol from the endosomes. The second aim of this study was to evaluate the efficiency of a liposome formulation to improve the class I-restricted CD8 ϩ T cell response to AntpHD-Cw3 in vivo. Based on a sensitive functional assay to measure IFN-␥ production, we found that AntpHD recombinant peptide can induce T cell responses which are greatly enhanced when AntpHD recombinant peptide is delivered by cationic liposomes.
Materials and Methods

Reagents
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) lipids were purchased from Northern Lipids (Vancouver, Canada). 1,2-disteroyl-sn-glycero-3-phosphatidylethanolamine-n-(poly(ethylene glycol) 2000 ) (DSPE-PEG 2000 ) was purchased from Avanti Polar Lipids (Birmingham, AL). CHE [ 3 H]cholesterol-hexadecyl ether and sodium [ 51 Cr]chromate (1 mCi/ml) were purchased from Amersham Pharmacia Biotech (Piscataway, NJ). Cholesterol, chloroquine (CHL), and brefeldin A (BFA) were obtained from Sigma-Aldrich (St. Louis, MO). Lactacystin was purchased from Calbiochem (Darmstadt, Germany). Pico-Fluor-40 scintillation mixture was obtained from Canberra-Packard Canada (Missassauga, Ontario, Canada). RPMI 1640 and DMEM media were purchased from Stem Cell Technologies (Vancouver, Canada). Twelve 24-well plates and 96-well V-bottom plates were obtained from BD Labware (Franklin Lakes, NJ) and Costar (Corning, NY), respectively. Fluoraldehyde reagent and bicinchoninic acid protein assay kit were from Pierce (Rockford, IL). Abs and streptavidin-HRP were purchased from BD PharMingen (Mississauga, Canada). Biogel 1.5m was obtained from Bio-Rad (Hercules, CA). CpG ODN1668 (5Ј-TCC ATG ACG TTC CTG CT) and peptide 170 -179 HLA-Cw3 (RYLKNGKETL) were synthesized by Biotechnology Laboratory (University of British Columbia, Vancouver, Canada). The sequence coding for AntpHD-Cw3 fusion peptide initially inserted in pAH61S plasmid (26) was subcloned into the pET19 (Novagen, Madison, WI) between NdeI and BamHI restriction sites. The resulting plasmid encoding for 10 histidine residues plus a 13-aa spacer linked in 3Ј to AntpHD-Cw3 was expressed in Escherichia coli strain BL21 (DE3)LyS as previously described (26) . The fusion peptide was purified by nickel-chelate affinity resin according to the recommendations of the supplier (Qiagen, Chatsworth, CA). The eluted fractions were analyzed by SDS-PAGE on 15% gel, Coomassie blue staining, and Western blot analysis. Purity was assessed at 80 -90%.
Animals
BALB/c (H2 d ) mice were obtained from the joint animal facility at the British Columbia Cancer Research Center (Vancouver, Canada). All animal studies were completed using protocols that were approved by the institution's animal care committee and the methods used are consistent with the current guidelines of the Canadian Council of Animal Care.
Cell culture
P815 (DBA/2, H2 d ) mouse mastocytoma cells were cultured in DMEM supplemented with 10% FCS, 1% penicillin/streptomycin, and 1% glutamine.
Cloned DBA/2 CTL clone, termed CAS20, was raised in vivo against HLA-Cw3 P815 transfectants and isolated after in vitro restimulation by limiting dilution (27) . CAS20 cells were maintained in RPMI 1640 medium supplemented by T cell growth factors (TCGF) obtained from rat splenocytes stimulated with Con A. CAS20 cells were stimulated every week with irradiated HLA-Cw3 P815 transfectants or with Cw3(170 -179) peptide.
Liposome preparation
Liposomes were prepared using the method described in Ref. 29 . Lipid mixtures used were DOPC/C (55/45 mol%) and DOPC/DOTAP/C at (45/ 10/45 mol%). When DSPE-PEG 2000 was incorporated into these liposomes it was done by substitution of 5 mol% DOPC with 5 mol% of the polyethylene glycol (PEG)-modified lipid. The lipids were dissolved in chloroform and a trace of [ 3 H]cholesteryl hexadecyl ether (1-5 Ci/100 mol total lipid) was added as a nonexchangeable liposomal lipid label (30, 31) . A lipid film was formed following removal of solvents under a stream of nitrogen gas. The lipid film was then placed under high vacuum for at least 3 h before hydration with HBS (100 mM HEPES (pH 7.4), 150 mM NaCl). The resulting multilamellar vesicles were subjected to freeze-thaw cycles (32) and then extruded through 100-nm polycarbonate filters (Nucleopore, Pleasanton, CA) using an extrusion device (Lipex Biomembranes, Vancouver, Canada). Liposome size was determined by quasi-elastic light scattering using Nicomp submicron particle size analyzer (Pacific Scientific, Santa Barbara, CA). All liposomes exhibited average diameters of 100 -120 Ϯ 25 nm. For AntpHD-Cw3 incorporation into liposomes, 800 g of AntpHD-Cw3 were incubated with 50 mol of liposomes for 30 min at room temperature under rotary shaking. The mixture was then loaded onto a chromatography column (Biogel 1.5m) to separate free peptide from liposome-associated peptide. The ratio of peptide:liposome was determined by quantifying liposomal lipid by measuring [ 3 H]CHE radioactivity by liquid scintillation counting on the Canberra-Packard Scintillation beta counter (1900 TR Tri Carb), using Pico-fluor 40 scintillation mixture. The peptide was quantified by a spectrophotometeric assay using bicinchoninic acid protein assay kit (Pierce).
After lysis of red cells with ammonium chloride, 10 6 cells were placed in 24-well plates in 1 ml of RPMI 1640 medium supplemented with 10 ng/ml mouse recombinant GM-CSF and IL-4 (Sigma-Aldrich). The cultures were fed every 2 days by gently swirling the plates, aspirating 75% of the medium to remove the nonadherent cells (lymphocytes and other granulocytes); fresh medium containing the cytokines was then added. At day 7 the resulting cells were considered to be immature DCs. The DC purity was assessed by FACS analysis using mAbs for the following markers: anti-CD4-FITC (Life Technologies, Rockville, MD), anti-Mac-3-FITC (BD PharMingen), anti-CD80 (B7.1)-PE (Immunotech, Marseille, France), and CD86 (B7.2)-FITC (Immunotech). More than 70% of the generated cells showed a phenotype consistent with DCs (highly positive for CD80 and CD86 and negative for CD4 and Mac-3).
Ag presentation assay DC (10 6 cells per 22-mm well) or P815 cells (0.5 ϫ 10 6 ) were incubated in 12-well plates at 37°C with different AntpHD-Cw3 peptide formulations at the indicated amounts of peptide and time periods. DCs (10 5 ) were used to stimulate 2 ϫ 10 6 CAS20 in the presence of 10 5 irradiated splenocytes during the 5-day incubation. Cytolytic activity of the stimulated CTL clone was assessed. P815 cells were used as target cells in cytotoxicity assay performed as described (34) .
To study the Ag processing pathway, 0.5 ϫ 10 6 P815 cells were preincubated with 0.2 g of BFA, 10 M CHL, or 25 M lactacystin for 1 h, then AntpHD-Cw3 (50 g) or Cw3(170 -179) (5 g) free or encapsulated in liposomes were added in the continuous presence of these drugs. After an overnight incubation, P815 cells were washed and used as target cells in cytotoxicity assay.
Induction of primary CTL in vitro
Following incubation of DCs with Ag, 5 ϫ 10 5 irradiated DCs were used to stimulate 5 ϫ 10 6 BALB/c naive splenocytes for 7 days. The live collected cells were then stimulated for 5 days using 10 M Cw3(170 -179) peptide in the presence of 10 5 irradiated splenocytes as feeder cells. Chromium release assay was then completed with harvested spleen cells.
Immunization and CTL induction
For immunization studies with DCs, 10 6 DCs were incubated for 3 h at 37°C with free Cw3(170 -179), or with AntpHD-Cw3 in free form or encapsulated in DOPC/PEG liposomes. The cells were then washed and irradiated before i.v. injection of 1.5 ϫ 10 6 cells into BALB/c mice (three per group) on day 0. For comparison, groups of mice were injected s.c. with AntpHD-Cw3 in presence or absence of SDS, or with AntpHD-Cw3 encapsulated in DOPC/PEG liposomes. On day 7, spleens were harvested and 30 ϫ 10 6 splenocytes were cultured in 10 ml of RPMI 1640 supplemented with 10% Con A supernatant containing TCGF, 10% FCS, 1% glutamine, 1% penicillin/streptomycin, and 5 ϫ 10 Ϫ5 M 2-ME and stimulated for 5 days with 10 M Cw3(170 -179). A CTL assay was then performed.
Immunization and ELISPOT assay
Groups of BALB/c mice (six per group), 6 -8 wk of age, were immunized s.c. on days 0 and 7 as indicated in Fig. 7 . On day 14, spleens were harvested and stimulated under conditions described above. An ELISPOT assay was then performed.
The ELISPOT assay described by Murali-Krishna et al. (35) was modified to detect Cw3-specific CD8 ϩ T cells. ELISPOT plates (Multiscreen-IP Clear plates; Millipore, Bedford, MA) were coated overnight at 4°C with 2 g/ml capture anti-IFN␥ Ab (clone R4-6A2; BD PharMingen). The plates were then blocked with 1% BSA in PBS for 2 h at room temperature. After three washes, responder cells in RPMI 1640 medium supplemented with 10% Con A supernatant containing TCGF, 10% FCS, 1% glutamine, 1% penicillin/streptomycin, and 5 ϫ 10 Ϫ5 M 2-ME were added to the wells along with 5 ϫ 10 5 irradiated syngeneic feeder cells. Cells were incubated for 36 h in the presence or absence of 10 M Cw3(170 -179) peptide. After culture, the plates were washed, and biotinylated anti-IFN-␥ detection Ab (clone XMG1.2; BD PharMingen) was added (1 g/ml), and the plates were then incubated for 1 h at room temperature. Spots developed following addition of freshly prepared HRP diluted 1/2000 in PBS/Tween containing 1% BSA, followed by repeated (five times) washes with PBS/ Tween and addition of 200 l of HRP substrate (Opti-4CN substrate kit; Bio-Rad). The frequency of peptide-specific T cells was calculated based on the percentage of cells present in the responding population.
For CD4 ϩ and CD8 ϩ T cell depletion experiment, two rat mAbs were used. The clone 53-6.7 (anti-mouse CD8, rat IgG2a) and the clone GK1.5 (anti-mouse CD4, rat IgG2a) were obtained from Southern Biotechnology Associates (Birmingham, AL). They were used in vitro in presence of low-tox-M rabbit complement (Cedarlane Laboratories, Hornby, Ontario, Canada). Control individual mice were treated with complement alone for background toxicity. Following depletion treatments, an ELISPOT assay was performed as described above.
Results
Analysis of the presentation by DCs of AntpHD-Cw3 encapsulated in liposomes
Ags in the extracellular fluids can be internalized into macrophages and DCs by two distinct mechanisms. Generally, soluble Ags are internalized by endocytosis while particulate Ags and liposomes are taken up through phagocytosis. An important feature of the recombinant AntpHD peptide is its capacity to be internalized by spontaneously crossing the plasma membrane into the cytoplasm of cells. Because liposomes tend to deliver protein Ags more efficiently for the class II-restricted presentation than for the class I-restricted presentation, we took advantage of the property of AntpHD to deliver peptide into the class I pathway. It was anticipated that either AntpHD-Cw3 would be released from the liposomes at the vicinity of cells and subsequently enter the cell directly through the plasma membrane or AntpHD-Cw3 in liposomes would be endocytosed and AntpHD-Cw3 would then cross the endosomal membranes and penetrate into the cytosol. Liposomes prepared from DOPC, cholesterol, and 5 mol% DSPE-PEG 2000 (DOPC/C/PEG) were used to evaluate the capacity of neutral liposomes to introduce the Cw3 epitope fused to AntpHD into the intracellular MHC class I presentation pathway. To assess the ability of AntpHD-Cw3 to enter the cells through spontaneous membrane transfer, DSPE-PEG was included in the formulation to decrease liposomes-DC interactions, including binding and internalization. It is important to note that the liposomal formulation containing AntpHD-Cw3 does serve to protect AntpHD-Cw3 from hydrolysis by proteases (36) . DCs from bone marrow were isolated and cultured in the presence of GMCSF and IL-4. On day 7, generated DCs were incubated with AntpHD-Cw3 free in solution or encapsulated in DOPC/C/PEG liposomes for 3 h, then washed and used as APCs to stimulate a CAS20 CTL clone. The CAS20 CTL clone recognizes the Cw3(170 -179) CTL epitope complexed to K d molecules on the surface of APCs and is able to lyse syngeneic target cells expressing the Cw3(170 -179) synthetic peptide. DCs pulsed with Cw3(170 -179) peptide were used as positive control for the presentation of the epitope on the surface of APCs. As shown in Fig. 1A , AntpHD-Cw3 is presented efficiently by DCs whether it is added as the free protein or encapsulated in DOPC/ C/PEG liposomes. These results indicate that AntpHD-Cw3 can be internalized by immature DCs and activate T cells for lysis and that AntpHD-Cw3 encapsulated in DOPC/C/PEG liposomes can be directed with a similar efficiency to the class I processing pathway of DCs. The mechanism by which the Ag is taken up by APCs and then processed is very efficient, because the level of sensitization of CTL observed with AntpHD-Cw3 either soluble or in liposomes is similar to the sensitization obtained with DCs pulsed with the synthetic CTL epitope Cw3(170 -179).
In the next experiment, we tested whether the uptake of AntpHD-Cw3 recombinant peptide is directly associated with the internalization of liposomal lipids in DCs; therefore, DSPE-PEG lipids were not included in the formulation. The results presented on Fig. 1B show that DCs incubated with AntpHD-Cw3 encapsulated in DOPC/C liposomes were able to sensitize CTL to lysis similarly to AntpHD-Cw3 encapsulated in a formulation with PEG indicating that PEG did not influence the uptake of AntpHD-Cw3. These results suggest that, under the conditions used in this study, encapsulated AntpHD-Cw3 may readily dissociate from the liposomes in the extracellular medium before cell membrane crossing. Alternatively, PEG-mediated inhibition of cell binding and uptake is perhaps not complete. To address this further, we characterized the CTL response induced in vivo and in vitro following administration of AntpHD-Cw3-loaded liposomes.
Induction of primary CTL responses by DCs loaded with AntpHD-Cw3 in liposomes
To determine whether in vitro delivery of DOPC/C/PEG liposomes containing AntpHD-Cw3 peptide into DCs could induce a CTL response, day 7 immature DCs were pulsed for 3 h with AntpHD-Cw3 in DOPC/C/PEG liposomes, washed, and tested for their ability to stimulate naive spleen cells. Six days later, live cells were harvested and assayed for CTL activity against P815 target cells pulsed with Cw3(170 -179) peptide. Fig. 2 shows vigorous CTL response with the DCs treated with AntpHD-Cw3 in DOPC/ C/PEG liposomes as stimulators indicating that AntpHD-Cw3 encapsulated in DOPC/C/PEG can be delivered to the MHC class I presentation pathway of DCs and be processed and properly presented to naive T cells.
Characterization of the CTL response induced by AntpHD-Cw3 encapsulated in DOPC/C liposomes.
Because PEG does not influence the uptake of AntpHD-Cw3, we have continued the in vitro study with a formulation without PEG to simplify the liposome preparation. We determined whether the encapsulation of AntpHD-Cw3 in DOPC/C liposomes modifies the time course of delivery and processing of the Ag in DCs compared with soluble AntpHD-Cw3. Fig. 3 , left panel, shows that the level of lysis was dependent on the time of incubation of DCs with AntpHD-Cw3 in liposomes (Fig. 3A) or as the free protein ( Fig.  3B ) with a maximum of cell lysis observed following 5 h of incubation. No significant difference in terms of cell lysis was observed between CAS20 stimulated with AntpHD-Cw3 added in free or encapsulated form. We then examined the ability of varying doses of AntpHD-Cw3 to sensitize DCs to stimulate CAS20 CTL clone when delivered either free or in liposomal form. Fig. 3 , right panel, shows that encapsulation of the recombinant peptide does not modify the dose required by DCs to sensitize CAS20 (Fig. 3C ). DCs sensitized with AntpHD-Cw3 in free or liposomal form can activate CAS20 efficiently because the CAS20 response is comparable to the response obtained after stimulation with DCs pulsed with an equimolar amount (0.3 g) of the synthetic CTL epitope Cw3(170 -179) (Fig. 3D, open symbols) .The ability of the epitope Cw3(170 -179) encapsulated in liposomes (Fig. 3C, open symbols) to sensitize the DCs is not dramatically different from AntpHDCw3 in liposomes but is somewhat lower (40% lysis compared with 60% lysis at an E:T ratio of 10:1).
Intracellular processing of liposomal AntpHD-Cw3 requires endosomal and endoplasmic reticulum-Golgi trafficking
The mechanism leading to the internalization of AntpHD-Cw3 encapsulated in liposomes and the intracellular delivery could not be elucidated on the basis of the studies summarized above. We have previously demonstrated that AntpHD facilitates Ag presentation by delivering the epitope to the cytosolic compartment and this does not require endocytic acidic processing for presentation of the peptide (26) . We investigated whether AntpHD-Cw3 peptide encapsulated in DOPC/C liposomes is released at the vicinity of cells and directly transported to the cytosol or is internalized with liposomes through endocytosis. In this study, we used P815 cells instead of DCs to investigate the capacity of liposomes and AntpHD to deliver CTL peptide into the cytoplasm independently of endosome-cytosol transport processes unique to DCs (37) . Thus the use of DCs, although the primary target cell population of interest, would not discriminate between inherent transport of AntpHDpeptide and endosomal-cytosol processes. P815 cells were treated with BFA before and during the incubation with the Ag. BFA blocks Ag presentation by inhibiting membrane trafficking between the endoplasmic reticulum and the Golgi apparatus, which is necessary for delivery of nascent MHC class I molecules to the cell surface (38) . The results, presented in Fig. 4A , indicate that incubation of P815 target cells with AntpHD-Cw3 peptide encapsulated in DOPC/C liposomes in the presence of BFA prevents the presentation of Cw3(170 -179) peptide to the CAS20 CTL clone. This is similar to the results obtained when the target cells are incubated with free AntpHD-Cw3 protein. Control experiments indicated that BFA did not inhibit the lysis of Cw3(170 -179)-pulsed cells, ruling out the possibility that the influence of BFA was related to down-regulation of MHC class I molecules. The presence of lactacystin, a specific proteasome inhibitor, during the incubation of cells with the recombinant peptide in liposomes prevented the presentation of Cw3(170 -179) (Fig. 4B) . This was not the case when lactacystin was present during the incubation with the soluble recombinant peptide; in contrast, an enhanced presentation of Cw3 Ag was observed (Fig. 4B) . As a control of these experiments, the presentation of synthetic Cw3(170 -179) was not blocked by the presence of lactacystin (Fig. 4B ).
An important finding was that P815 target cells incubated with AntpHD-Cw3 peptide encapsulated in DOPC/C liposomes in presence of CHL, an inhibitor of endosomal proteolysis, were not lysed by CAS20 cells (Fig. 4A) . These data, when considered with our observations using lactacystin, provide evidence that the liposomal form of the protein is processed differently from the free protein. Importantly, CHL did not influence the ability of target cells to present Cw3(170 -179) peptide when P815 cells were treated with free AntpHD-Cw3 (Fig. 4A) , confirming that AntpHD shuttles the Cw3 peptide directly in the cytosol. These results show that AntpHD-Cw3 peptide is processed through the classical class I pathway when it is added in a liposomal form. In addition, it can be suggested that the Ag follows two sequential intracellular routes, one that is mediated by the endosomal/lysosomal pathway and the other that requires the endoplasmic reticulum-Golgi trafficking. The results obtained with the inhibitors BFA and CHL strongly indicate that liposomal AntpHD-Cw3 enters the endocytic compartment before being shuttled to the cytosol, where it is processed by the proteasome complex. An important result from this experiment was that CHL but not BFA inhibits the Ag presentation when Cw3(170 -179) alone (without AntpHD) is delivered under an encapsulated form. This result established clearly the role of AntpHD to transport CTL peptide in the cytosol of cells.
Induction of Cw3-specific CTL response
Although in vitro data demonstrate efficient uptake of soluble AntpHD-Cw3 by cells and subsequent presentation of Cw3 antigenic peptide to CTLs (Fig. 1) , in vivo immunization with AntpHD-Cw3 is not very efficient because a CTL response can be induced only in presence of SDS (26) . Our data have shown that liposomal formulations are efficient stimulators of CTL induction in vitro; therefore, we tested whether liposomes could be used alternatively to enhance Cw3-specific CTL response to AntpHDCw3 in vivo (Fig. 5) . The CTL response of BALB/c mice was evaluated following the s.c. injection of AntpHD-Cw3 either in free form, in the presence of SDS, or encapsulated in DOPC/C/ PEG liposomes. These responses were compared with the responses generated in vivo following i.v. injection of DCs which had been pulsed with AntpHD-Cw3 in free form or associated with DOPC/C/PEG liposomes. Spleens of immunized mice were collected 1 wk after the immunization and stimulated in vitro with Cw3(170 -179) peptide. The CTL bulk cultures were harvested after 5 days and tested in a cytotoxicity assay for recognition of syngeneic P815 target cells loaded with the Cw3(170 -179) epitope. The results (Fig. 5) show that direct in vivo immunization with AntpHD-Cw3 in saline elicited poor reactivity toward the target cells (Fig. 5, lane d) . However, when AntpHD-Cw3 is given in SDS (Fig. 5, lane e) or encapsulated in DOPC/C/PEG liposomes (Fig. 5, lane f) , cultures of splenocytes from immunized mice show recognition of the peptide-loaded target, an activity that was comparable to that observed following i.v. injection of loaded DCs (Fig. 5, lane c) . Encapsulation of AntpHD-Cw3 in liposomes has improved the efficiency of the response against Cw3 compared with the response elicited by free AntpHD-Cw3, even when it is administered as a mixture with SDS. As indicated above, s.c. injection of AntpHD-Cw3 in DOPC/C/PEG liposomes was able to achieve the same level of response as that obtained in mice immunized i.v. with 1.5 ϫ 10 6 DCs pulsed with AntpHD-Cw3 in DOPC/C/PEG liposomes (Fig. 5, lane c) . However, it should be noted that the highest level of target-specific cell lysis was obtained using DCs pulsed with Cw3(170 -179) administered i.v. (Fig. 5, lane a) . The differences were not statistically significant due to the large variability in response observed in this group of mice.
It is generally assumed that neutral liposomes are not highly immunogenic (22, 39) . However, we show in this work that neutral liposomes significantly increase the immunogenicity of AntpHDCw3. It is anticipated that other liposomal formulations may provide better immune response; therefore, an effort to optimize the liposomal formulation was made. This formulation effort was guided by the assumption that a more active liposomal carrier, in terms of uptake efficiency, would bring AntpHD-Cw3 inside the cells through endocytosis more efficiently. We examined whether positively charged liposomes would have this ability based on studies showing that positive liposomes containing soluble proteins are potent inducers of CTLs (23, 24, 40) . It is believed that this adjuvanticity is due in part to the fact that these cationic liposomes are taken up more efficiently, when compared with neutral liposomes, by both DCs and macrophages (36) . To test the ability of positively charged liposomes to introduce AntpHD-Cw3 into the class I processing pathway, we examined the presentation of Cw3 by cells to CAS20 CTLs following the incubation of AntpHD-Cw3 in DOTAP-containing liposomes with target cells for 3 h. As shown in Fig. 6 , CAS20 CTLs are able to lyse target cells after incubation with the AntpHD-Cw3 peptide in positively charged liposomes. The level of cell lysis was similar to that observed when cells were incubated with soluble AntpHD-Cw3. This suggests that AntpHD-Cw3 in DOTAP-containing liposomes enters the class I Ag presentation pathway and that the mechanism of delivery is independent of liposome charge. In the next set of experiments, we evaluated whether the encapsulation of AntpHDCw3 in DOTAP liposomes improved its immunogenicity. In addition, we explored the use of the influence of oligodeoxynucleotides (ODN) containing unmethylated CpG as a means to achieve even better responses. We used CpG-DNA ODN1668 in this experiment because of its ability to activate in vivo T cell epitope-presenting DCs to generate CTL responses (41) . BALB/c mice were immunized s.c. with AntpHD-Cw3 mixed with SDS or incorporated in DOTAP liposomes on days 0 and 7. One week after the last immunization, spleen cells were stimulated in vitro with Cw3(170 -179). An ELISPOT assay was performed on stimulated spleen cells. IFN-␥ is currently the most widely used choice of readout for ELISPOT assay, and we selected this assay because it provides a measure of actual T cell frequency (35) and it is also more sensitive than the standard 51 Cr-release assay (42) . (170 -179) and the CTL generated were tested in 51 Cr release assay with P815 target cells pulsed with Cw3(170 -179) or left untreated. The results are expressed as percentage of Cw3-specific lysis at 40:1 E:T ratio after substraction of lysis measured against P815. The cytotoxicity observed on P815 negative control cells was Ͻ15%. class I-restricted CD8 ϩ cytotoxic T cells, because the response was almost completely blocked by anti-CD8 mAb (Fig. 7B) .
Discussion
There is a great interest in developing efficient modes of delivery of T cell epitopes into the MHC class I processing pathway of DCs, with the objective of eliciting an effective therapeutic antitumor immunity. Several vectors have been reported to have this ability, including toxins (43, 44) , the protein transduction domain from the HIV, TAT protein (45) , and AntpHD (26) . Their common attribute is their capacity to deliver peptides directly in the cytosol in a receptor-dependent manner for toxins (44) or following spontaneous crossing of cell membranes in the case of TAT (46) and AntpHD (47) . They all differ from exogenous proteins in terms of their internalization mechanisms, which commonly use phagocytosis/endocytosis. Despite this important property, the utility of these vectors for clinical applications may fail because of inherent toxicity or because of their sensitivity to protease degradation. In this work, we show that immunization of mice with a liposomal formulation of AntpHD recombined to a poorly immunogenic T cell epitope primes APCs for an epitope-specific T cell response. This response is greater than that observed following injection of the T cell epitope alone, encapsulated in liposomes or fused to AntpHD in free form. Our results are consistent with the results of Ludewig et al. (48) , which demonstrated that incorporation of the LCMV-GP33, a peptide in liposomes, improved the CTL response observed. However, importantly, our studies have demonstrated the value of using a hybrid carrier system, which relies on the liposome formulation to protect the protein from degradation while shuttling the AntpHD peptide vector linked to CTL epitope into the APCs. Ludewig et al. (48) demonstrated that liposomes functioned to enhance the immunogenicity of LCMV-GP33 peptide that was already immunogenic. Our data suggest that the hybrid carrier system can be used to elicit an immune response to a nonimmunogenic or poorly immunogenic Ag.
The efficacy of the AntpHD recombinant peptide encapsulated in liposomes as a vaccine was assessed in vitro. The results clearly show that AntpHD is capable of delivering CTL epitopes in the MHC class I processing pathway of immature DCs. This can be accomplished efficiently regardless of whether the protein is encapsulated in liposomes or given free in solution. Although the capacity of AntpHD to spontaneously cross cell membranes has been already established (26) , the potential value of the method for CTL epitope delivery is limited as a consequence of peptide instability in vivo. Therefore, the purpose of using liposomes in our study is to limit the degradation of the peptide in vivo. Importantly, the results also demonstrate that the intracellular processing of the liposomal formulation is unique when compared with the free protein. It was important to distinguish whether encapsulation of the recombinant peptide in liposomes would allow direct targeting in the cytosol or whether liposomes would deliver the recombinant peptide in the endosomal pathway in a manner that might result in only a moderate class I-restricted response. It is demonstrated that even though AntpHD recombinant peptide is endocytosed with liposomes, the majority of AntpHD recombinant peptide is subsequently transferred into the cytosol, entering the class I processing pathway. In this regard, an inhibition by lactacystin was observed, although not seen with the free AntpHD-Cw3 recombinant peptide. Lack of inhibition by lactacystin was reported elsewhere for different peptides, including a recent study on AntpHD recombinant peptide and MG132, another proteasome inhibitor (49 -51) . It can be suggested that lactacystin inhibition of the proteasome is not significant, due to the ability of AntpHD peptide vector to escape from the proteasome. In contrast, when encapsulated in liposomes and endocytosed, the AntpHD peptide is routed toward the proteasome. It appears that the soluble and the liposomal AntpHD recombinant peptides are using different intracellular routes to enter the cytosol, directing them toward different degradation processes.
The processing pathway followed by liposome-associated AntpHD-Cw3 differs from the typical processing of endocytosed proteins, where the processed peptides bind recycling class I molecules in vacuolar compartment (52, 53) . However, when the CTL epitope alone is delivered with the liposomal carrier, it can be presented using this pathway. This result does not support a recent study demonstrating that lipid-protein complexes escaping into the cytosol of cells can associate with the class I molecules in the trans Golgi (54) . Whether AntpHD-Cw3 associated with liposomes escapes degradation in the endosomal compartment and enters the endoplasmic reticulum in a transporter-associated peptide-dependent manner following proteasome degradation or is directly delivered to the Golgi apparatus remains to be clarified. Similar to the active egress of bacterial Ags, such as those derived from Listeria monocytogenes, from phagosomes into the cytosol (55), we propose that the AntpHD/liposome combination would dissociate in the acidic environment of the endosomes, releasing the AntpHD recombinant peptide, which would then be able to cross endosomal membranes and shuttle the fusion peptides to the cytosol (Fig. 8) . ϩ T cells (p) as described in Materials and Methods or treated with complement alone (f). They were then assayed for the number of Cw3-specific cells. The Ag-specific T cell number was quantitated by an ELIS-POT assay.
Considering that a low local pH is required for AntpHD to cross membranes optimally (56) , the complete blockade of peptide presentation in presence of CHL could possibly be due to the retention of AntpHD-Cw3 in the endosomal/lysosomal compartment.
We should point out that we did not observe any inhibition of the Ag presentation when PEG was incorporated in the liposome formulation, and this seems inconsistent with our observation with CHL. Although it is known that PEG-modified lipids inhibit to some extent the uptake of liposomes by cells (57), we have recently demonstrated that this effect is less pronounced when evaluating bone marrow-derived DCs as compared with the macrophage J774 cell line (36) .
The data described in this work define the immunogenicity of a CTL epitope achieved by the combination of lipid-based carriers and a recombinant protein carrier which is capable of delivering peptides into the class I processing pathway. We have shown that liposomes, and in particular those prepared with positively charged lipids, enhance the in vivo response to a nonimmunogenic CTL peptide when fused to AntpHD peptide. The absolute requirement of AntpHD was shown by the absence of response to the CTL peptide encapsulated in liposomes. We believe that this liposomal formulation can be further optimized to achieve controlled release of entrapped contents to allow optimal retention of AntpHD recombinant peptide before it has reached DCs. It is believed that liposomes can be designed to contain attributes that maximize their stability to biological fluids, to facilitate controlled distribution to regions where target cells are localized, and to engender specific targeting to define cell types following localization (58) . The mannose receptor is an attractive candidate for targeting to DCs. It has been localized in vesicular structures distinct from MHC class II compartments, suggesting that in immature DCs the mannose receptor functions as a reusable Ag receptor for concentration of predominantly non-self Ags for processing and presentation. Liposomes designed with specific targeting for the DC system in vivo will have an important impact for vaccine applications, and we are currently investigating the ability of mannosylated liposomes to target the mannose receptor present on DCs.
The results of this study demonstrate the successful conversion of nonimmunogenic Ag into an immunogenic Ag and may represent a relevant model for poorly immunogenic tumor Ags. The high sequence homology of AntpHD with mammalian homeodomains of Hox 7 group (59) represents an additional advantage, and no adverse immune response against AntpHD has been observed. We anticipate that a recombinant peptide containing AntpHD fused to a series of human tumoral epitopes can be prepared and may have important implications for the development of tumoral vaccines. 
